Abstract: We present a novel waveguide coupling scheme where a germanium diode grown via rapid melt growth is wrapped around a silicon waveguide. A 4 fF PIN photodiode is demonstrated with 0.95 A/W responsivity at 1550 nm, 6 nA dark current, and nearly 9 GHz bandwidth. Devices with shorter intrinsic region exhibit higher bandwidth (30 GHz) and slightly lower responsivity (0.7 A/W). An NPN phototransistor is also demonstrated using the same design with 14 GHz f T . 
Introduction
Low energy per bit optical interconnects offer much promise for reducing power consumption in communications [1, 2] and creating highly sensitive receivers is essential for that. Creating low-capacitance photodiodes tightly integrated to receiver electronics can satisfy this requirement.
Several groups in recent years have focused on creating low-capacitance, high-speed, and high-responsivity germanium photodiodes on silicon waveguides [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These diodes couple to the waveguide either evanescently, sitting on top of the waveguide, or butt-coupled to the end of a terminated waveguide. An alternative that has yet to be explored is a combination of these two coupling schemes, where the photodiode wraps-around the silicon waveguide coupling light evanescently from all sides of the waveguide, much like the wrap-around gate of the finFET [13] .
Recently, rapid melt growth (RMG) was developed to provide single crystal germanium on oxide using a silicon seed [14] , and also has the ability to produce single crystalline germanium which conformally coats the oxidized substrate. It has so far been demonstrated for high mobility FET channels [15] , photodiodes [5, 16, 17] , and phototransistors [18] . We use RMG to demonstrate a germanium photodiode with 0.95 A/W responsivity at 1550 nm, 6 nA of dark current at −1 V and up to a 9 GHz bandwidth, with less than 4 fF of capacitance. By narrowing the intrinsic region slightly, and taking a small hit in the responsivity (0.7 A/W) the bandwidth increases to over 30 GHz. Additionally we utilize the same design to demonstrate a 14 GHz NPN phototransistor with upwards of 14 A/W responsivity.
Photodiode design and fabrication
The basic design imagines a lateral PIN photodiode where the intrinsic region is 'wrapped' around a single mode silicon waveguide. The central idea being that the germanium will absorb the light from the waveguide evanescently over its length, and by moving the contacts away from the optical mode, overall quantum efficiency will be improved. Due to relying on evanescent coupling, this particular arrangement also allows the photodiode itself to be very thin, reducing the overall capacitance in a lateral junction arrangement. Because this geometry requires non-planar germanium, rapid melt growth was chosen as the growth technique. The specific photodiode design is depicted in Fig. 1 , where a 3D overview of the device is shown in Fig. 1(a) , and a cross section is shown in Fig. 1(b) . This shows the germanium layer, 180 nm thick, to wrap-around an etched silicon layer (210 x 500 nm) on the 3 µm buried oxide (BOX) layer for optical and electrical isolation. The silicon layer has a thin oxide grown between it and the germanium as part of the RMG process and for electrical isolation from the waveguide. The silicon layer serves as a single mode optical waveguide, and also contains grating couplers for coupling onto the chip from single mode optical fiber.
The lateral doping scheme is shown with p + and n + regions away from the waveguide with only intrinsic germanium immediately surrounding the waveguide. The rationale for this design is to move the highly doped regions and metal contacts away from the areas of the photodiode where the optical mode will be present in order to reduce free carrier absorption and slow carrier diffusion from heavily doped regions as well as scattering from metal contacts.
The devices were fabricated by first depositing and patterning a thin (140 nm) layer of low stress silicon nitride as a hard mask. A shallow dry etch (70 nm) was performed for the rectangular grating couplers which were given a 630 nm pitch with 50% duty cycle for good coupling at 1550 nm [19] . Next the patterned silicon was dry-etched down to the BOX layer to isolate the waveguides and crystal seed areas. A thin thermal oxide (20 nm) was grown both to smooth the waveguide sidewalls and to isolate the germanium from the silicon for the RMG step. A small opening was wet etched in the oxide at the crystal seed locations to expose the underlying silicon without damage. Next 180 nm of Germanium was deposited via low pressure chemical vapor deposition (LPCVD) with a 5 nm Silicon wetting layer for stiction to the oxide. The germanium was patterned and dry-etched. A cleaning step was performed where the germanium was protected while the wafer was submerged in hot peroxide followed by a quick HF dip to remove any remaining germanium from waveguide sidewalls. This was followed by a 400 nm coating of low-temperature oxide (LTO).
The wafer was placed in a rapid thermal annealer, where the temperature was quickly ramped to 1050 °C for 1 second, and then immediately cooled as in previous RMG papers [14, 17, 18] . Contact holes were dry etched into the LTO down to the germanium, and then separate boron (10 15 cm −2 dose, 25 keV energy) and phosphorus (10 15 cm −2 dose, 15 keV energy) implants were performed for p and n-type doping respectively. The dopants were activated with a 5 minute anneal at 450 °C. The low temperature is to ensure very low phosphorus diffusion [22] , and no further annealing is performed. Finally, a Ti/Al metal stack (50 nm/450 nm) was sputtered and then dry-etched to form electrical contacts. The metal etch also performs the isolation cut by over-etching through germanium exposed when opening the contact vias. The resulting device can be seen in Fig. 2 , which shows a scanning electron micrograph (SEM) cross-section of a cleaved device. The resulting germanium is smooth, and cleanly wraps-around the silicon waveguide with a thin oxide between the two. There is evidence over-etching both in the silicon full-etch step and in the oxide-etching step. One result shows a germanium device, which actually wraps slightly below the plane of the waveguide, which could improve the optical coupling. However, the over-etching into the germanium can degrade performance by introducing significant dark current from increased surface leakage currents [20] . Both of these will be discussed in more detail with the measurement results.
Photodiode results and discussion

DC and optical measurements
To measure the responsivity of the photodiodes, light was coupled into the waveguide by a single mode optical fiber, which was part of a fiber array. On the ends of the waveguide array were grating couplers connected with a short length of waveguide for optical alignment purposes. This structure also gave us the insertion loss of a single grating coupler and waveguide, which at 1550 nm was determined to be −7.1 dB. The current-vs-voltage (I-V) measurements were made using an HP4145B semiconductor parameter analyzer. An HP 4284A LCR meter was used to measure capacitance as a function of voltage at 1 MHz. As an example, we present a diode with 16 µm of waveguide overlap, giving a total length of 18 µm, which has the I-V curve shown in Fig. 3(a) . It can be seen that this diode has extremely low dark current of 6 nA at −1 V reverse bias, and only 300 nA at −5 V. At −1 V this corresponds to less that 200 mA/cm 2 of dark current density, which is comparable to germanium diodes made with more traditional epitaxy methods [6, 21] . Figure 3(b) shows the responsivity is largely flat up to −3 V, and begins to rise quickly with larger bias. One possibility is the onset of avalanche gain at 3 to 4 V reverse bias due to device simulations showing localized electric fields in excess of the ionization threshold [22] near the heavily doped n + junction. The capacitance quickly drops with a small bias indicating the diodes are initially not fully depleted at 0 V.
The wrap-around structure was simulated with finite difference time domain (FDTD) software to calculate the mode overlap and expected responsivity, assuming collection of all generated photocarriers. The electric energy distribution can be seen in Fig. 4 (a), which shows a cross-section of the wrap-around structure. What can be immediately seen from the distribution is that the majority of the energy in the germanium is centered above the silicon waveguide, with relatively little energy in the side lobes of the germanium. A large portion of the energy is also in the germanium itself, due to the strong evanescent coupling into the germanium from the silicon waveguide, helped by the higher refractive index of germanium compared to silicon. All of this implies that a majority of the light should be absorbed by the germanium in a relatively short coupling length, and additionally, the majority of the light will be absorbed in the center of the germanium structure, which is where we have placed the i-Ge portion of the diode.
Additionally, the FDTD simulations were performed to extract the responsivity of the photodiode with respect to the waveguide overlap length. This calculation only accounts for the absorption in the i-Ge region of the diode, assuming that light absorbed in the heavily doped p and n-type contact regions will not be collected due to quick recombination. The simulated responsivity can be seen in Fig. 4(b) . Several different length photodiodes were fabricated and measured against the FDTD calculations. In this case the length mentioned refers to the amount of overlap with the silicon waveguide, while all diodes were fabricated with an additional 2 µm of Germanium after the end of the waveguide to ensure the waveguide would not extend past the Germanium due to lithographic alignment error. Thus the 32 µm diode has 32 µm of overlap with the silicon waveguide and 34 µm of total length. For the responsivity measured in Fig. 4(b) a reverse bias of −2 V was applied to the photodiode. Other than the 8 µm photodiodes, there is good agreement between measurement and FDTD calculations, with the 4 µm diodes demonstrating responsivity near 0.5 A/W, and the 32 µm diodes with responsivities near 1 A/W. The 8, 12, and 16 µm diodes show more considerable variation among themselves, and with the FDTD values. One possibility is that the FDTD results at those lengths range show some resonant effects. The absorption at a resonant length for a fabricated device would be highly dependent on the quality of the sidewalls which is likely highly variable from device to device, resulting in drastically different measured responsivities. It is also possible some variability in measured responsivity comes from variation in material quality as some diodes had notably higher dark current, on the order of several µA. However these results demonstrate photodiodes with 0.8 A/W responsivity or better with just 12 µm of waveguide overlap, which means high responsivity with compact design.
Photodiode RF response
Additionally we obtained the high frequency response of the wrap around photodiode using a network analyzer and measured the S 21 of the photodiode. The parameter network analyzer (PNA) drove a 40 GHz EO Space intensity modulator with port 1, which was biased to the 3 dB point of the modulator. A fiber laser was input to the modulator, the output of which went to a single mode fiber probe that coupled to the chip under test via grating coupler. The photodiode was then probed with a ground-signal RF probe, which fed into port 2 of the PNA. The DC bias was applied through the PNA. The measurement was calibrated using a commercial 70 GHz fiber coupled photodiode. The average optical power during the measurements incident on the photodiode was 100 µW. There was some impedance mismatch between the probe and the photodiode under test causing ripples in the S 21 spectra, which was compensated in post-processing by isolating the ripples common to all spectra and subtracting them as in Ref [7] . To examine the effects of transit speed limited bandwidth, several photodiodes were produced with different i-Ge widths. The designed separation was 1.1 µm, which was present in all of the previously presented diodes. Additionally, two narrower diodes were produced with 0.7 µm and 0.5 µm i-Ge widths, which should have higher bandwidths and are seen in Fig. 5 . All of these splits were done on 32 µm length photodiodes, though the previously described 16 µm diode was also measured and its bandwidth is comparable to those presented here. It can be seen in Fig. 5(a) that for the standard photodiode design, the bandwidth at −5 V of reverse bias is almost 9 GHz, and that the speed is almost saturated at that point. Because of the wrap-around geometry, the total distance a carrier would travel from one contact to the other is nearly 2 µm. Assuming velocity saturation of 6x10 6 cm/s the expected 3dB bandwidth would be 13.5 GHz, so the results are quite close. However, at lower voltages the bandwidth is considerably lower. In fact based on the width and that the carriers in Germanium saturate at an electric field of 10 4 V/cm, there should be velocity saturation at about −2 V. Device simulations show that with a background p-type concentration of 10 16 cm −3 a 5 V bias would be needed to reach uniform electric fields sufficient for carrier velocity saturation to reach the full bandwidth.
However, this is not a fundamental limitation as evidenced by the devices with narrower iGe regions in Fig. 5 . Because the capacitance is so low, the bandwidth of all of these photodiodes is expected to be transit time limited. By nearly halving the i-Ge width, and thus decreasing the carrier transit distance, the bandwidth more than doubles to 31 GHz at −5 V, and by reducing further to 0.5 µm, the bandwidth increases to over 40 GHz. In fact due to the limited bandwidth of the modulator in the test setup, the ultimate bandwidth of the 0.5 µm wide device could not be measured, but it can be seen that at −5 V bias, at 40 GHz there is only a 1 dB drop in the S 21 . There is a trade-off naturally for increasing the speed in this manner, which is that because the i-Ge region is narrower, the responsivity is reduced. Figure  5 (a) also shows the average responsivity values for several devices of a given i-Ge width. However, because of the specific optical mode profile the drop in responsivity is not proportional to the reduction in i-Ge width, and so a trade-off can be made between responsivity and desired bandwidth.
NPN phototransistor
Phototransistor design using wrap-around photodiode process
As mentioned earlier, having a low-capacitance photodiode is not the end of the story, and in fact the other half is to bring the photodiode extremely close to the first transistor in the amplifying receiver. Here we demonstrate that using the same process as that of the wraparound photodiode, an NPN phototransistor with high f T can be produced. Figure 6 shows the basic design of the device, which is geometrically identical to the wrap-around photodiode, meaning it should share the same strong optical coupling to the waveguide. The primary difference is that instead of creating a PIN photodiode with a separate p and n-implant on either side of the device, the NPN simply implants n-type dopants (phosphorus) on both ends while leaving the center of the device undoped. Because germanium is natively lightly p-type [22] the device will act as an n + p-n + transistor with a very long base. Additionally, to simplify the fabrication there is no base contact, making this a floating base phototransistor. Because of the very long, low-doped base, the device is expected to exhibit strong base-width modulation effects [23] but should be relatively fast. Additionally, the base is situated where the i-Ge is present in the PIN diode, meaning the majority of the light will be absorbed directly in the base, which is the preferred location for a phototransistor. 
DC measurements of the NPN transistor
The NPN phototransistor was measured the same way as the PIN photodiode. Figure 7(a) shows the I-V measurement in both the dark state and with different amounts of optical excitation. Several key aspects of the operation can be seen from the I-V. Namely the large amount of dark current is seen at low voltages. This is likely due to the very-low doping of base, and is caused by punch-through [23] . Because the similarly structured and doped PIN diode was nearly fully depleted at −2 V bias, we should expect punch-through to occur at a similar voltage in this NPN transistor. Beyond that voltage the dark current should begin to rise dramatically. However despite this the gain is still relatively high, and we see significant photocurrent on top of the dark current for relatively low optical powers. In fact in Fig. 7(b) the extracted responsivity and photocurrent gain can be seen to be quite high. At about 1.5 V bias, the gain peaks and begins to reduce, as a result of likely punch-through. To extract the photocurrent gain, one must know the underlying responsivity of the structure without gain. While there are identical 8 µm PIN photodiodes on the wafer, many we measured had a wide variability in responsivity as discussed earlier. Thus to have a more conservative estimate of the gain we assume a 0.76 A/W responsivity which comes from the FDTD calculation of this structure. Thus it is entirely possible the device has a true photocurrent gain even higher than 18 with a 5 µW input. However, the responsivity is a direct measurement, and so we confidently report a responsivity of nearly 14 A/W with a 5 µW input at 1.5 V. Another interesting phenomenon is that the gain decreases with increasing optical power. Because this is a floating base phototransistor, the optical power input to the device is equivalent to the base current bias applied to a traditional bipolar junction transistor (BJT). One would expect typically that an increase in base current might increase the gain, or at least have a relatively constant amount of gain. However because the base in this device has such low doping, by increasing the optical power, the generation rate in the base increases so much that the effective doping level in the base begins to increase as well. Since the doping level ratio between emitter and base is a large factor in the gain, reducing this ratio would reduce the gain. This effective increase in the base doping would also reduce base-width modulation effects and increase the voltage required for punch-through. This can be seen in Fig. 7(b) as a shift in the gain peak from 1 V to 1.5 V for increasing optical power.
High frequency response of NPN phototransistor
The RF response of the NPN phototransistor was again measured identically to that of the PIN photodiode. In addition to the measurement of the S 21 response, because the gain varied greatly with respect to input power, it is also interesting to examine the S 21 versus optical input power. Additionally since we have already extracted the photocurrent gain for the device, we can actually construct an h 21 plot, which is the S 21 response normalized to the amount of gain present at DC. The f T or unity gain frequency of the phototransistor is then the frequency at which the photocurrent gain is 1. This is typically a more useful metric for transistors than 3dB frequencies, though the latter is very important for receiver circuitry. The results are shown in Fig. 8 , which shows that although gain reduces with increased optical power, the 3dB frequency actually increases with increasing optical bias. In fact we see that with 5 µW of optical bias, the transistor operates out to 14 GHz. This is considerably higher than the 7 GHz gain-bandwidth product most recently reported for a germanium photoBJT [24] . However at this optical power, the 3dB frequency is under 1 GHz while the gain is very high. While increasing the optical bias increases the 3dB frequency, it also reduces gain and f T likely due to the Kirk effect [23] . By increasing the base doping during an additional background doping step, and reducing the base width, the transistor operation speed both f T and the 3dB bandwidth will be dramatically improved making this a more practical device for modern communications speeds of 25 GB/s and higher. Additionally, to make the device more power efficient, it would be beneficial to add a base contact to provide the base current bias electrically rather than optically. 
Conclusions
In this paper, we demonstrate two novel devices using RMG germanium integrated on silicon photonics. The first is a 4 fF PIN photodiode with 6 nA of dark current and 0.95 A/W responsivity at 1550 nm. By varying the width of the intrinsic region we were able to measure 3 dB frequencies well over 40 GHz. The second device is an NPN phototransistor with 14 A/W reposnsivity when illuminated with only 5 µW of 1550 nm light and a peak f T of 14.5 GHz.
